Introduction
The recognition and binding of anions such as halides, phosphates, and sulfate are key features of many biological processes, including those associated with information transmission, whereas a breakdown in the normal regulation of anion transport is implicated in several disease states, including cystic fibrosis. 1 A critical role for anion recognition is either recognized or proposed in a number of industrial processes, such as nuclear waste extraction and remediation, 2 as well as base and precious metal extraction. 3 Special attention has been given to metal-containing anion receptors as the metal centre can play a crucial structural role in organizing anion-binding groups into a geometry appropriate for the recognition of a specific anion. [4] [5] [6] Furthermore, electrostatic interactions between the targeted anion and a Lewis acidic metal centre can promote a binding event. 7;8 For example, in cascade complexes, first discovered by Lehn, 9 a binucleating capsular ligand was used to accommodate two metallic centers within the cavity, typically in a pseudo-pyramidal geometry with a vacant site. These complexes, in which the two metallic centers are held at a well-defined distance from one another, can then recognize an anion of the appropriate size as the result of bridging coordination interactions involving the two metal centers. This principle has been further explored by several groups; in particular, Lu found that dicobalt cryptates could be used to recognize selectively bromide and chloride over fluoride and iodide. 10 Separately, Fabrizzi showed that halides, cyanides, azide and hydroxide were encapsulated by a binuclear copper bis(tren) complex, 6 while McKee and Nelson discovered that azide and cyanide could be accommodated within a binuclear copper cryptate. 11 Other binuclear complexes in which the two metals adopt pyramidal geometries have been synthesized and have been shown to be capable of accommodating anions such as phosphates and their derivatives in bridging modes while in certain cases also acting as sensors. 8;12 While the detection of chloride using Lewis acidic late transition metal hosts remains relatively rare, 13 zinc porphyrins, species that are well known to bind strong donor ligands, 14 have been shown to bind anions through electrostatic interactions.
5;15
Cofacial or Pacman diporphyrins are a special class of porphyrins that combine the known coordinative properties of porphyrins with precise organization of the two metal binding sites through the use of a rigid, covalent link, so as to provide a binuclear microenvironment that is particularly well suited for small molecule redox chemistry. 16 The unique binuclear environment provided by these and other molecules created through the assembly of two metalloporphyrins, has been exploited in some aspects of host-guest chemistry. For example, using dimeric porphyrins, the recognition of molecules, such as DABCO, 17;18 and other bifunctional nitrogen donors, such as bipyridines, azides, anilines and diamines, has been successfully achieved. 18;19 Systems containing two zinc porphyrins have been designed to bind and signal the absolute configuration of diamines, aminoalcohols, and diols by exciton-coupled circular dichroism. 20 Also, increasing interest has been shown in the use of metallodiporphyrins to recognize larger molecules such as fullerenes. 21 Looking at the wide range of electron rich substrates that can be accommodated as guests between two metalloporphyrins hosts, it is surprising that the anion-recognition ability of these systems remains largely unknown. Figure 1 , with crystal data and selected bond lengths and angles detailed in Tables S1 and S2, respectively. The bimetallic complexes of H 4 L can be considered as structural, and in some cases, functional doublepillared analogues of cofacial diporphyrins. 25 In this case however, the structure of
represents a unique example. Indeed, all known binuclear zinc diporphyrin complexes bind to the metals in a square planar geometry within the porphyrin plane and to the best of our knowledge,
is the first X-ray solid state structure of a cofacial binuclear zinc complex with an anion bridging the two metals. 26 Furthermore, the presence of a bridging chloride anion is rare in polymetallic zinc chemistry and the Figure 2 ) and crystal data are detailed in Table S1 , with selected bond lengths and angles in Table S2 ; refinement of the guest anion as fluoride led to a less satisfactory residual.
Furthermore, the reaction between Li 4 L and ZnI 2 did not generate the expected iodide-bridged complex
were isolated from the reaction mixture. The X-ray crystal structure was determined and the zinc-ate core was found to be nearly identical to
] so will not be discussed further (see Figure S1 ). However, its elucidation provide support for the notion that the original complex, [Zn 2 (L)], binds hydroxide (presumably derived from a small quantity of water of crystallization) over fluoride. . 27 This feature again provides support for the inference that the cofacial structure is rigid and is unable to flex sufficiently to optimize the interaction between the zinc cations and the hydroxide anion. This conclusion is reinforced by the observation that, Table 2 along with a comparison of geometrical data for experimental and calculated structures. This latter angle is underestimated when compared to the experimental data which can be related to the essentially gas phase environment of the calculations compared to the condensed phase of the experimentally determined structure, which will be perturbed by crystal packing interactions. When the guest is chloride, the calculated structure is again similar to the experimental one, albeit with an underestimated lateral twist angle. In the comparison of the three levels of theory, the calculated trends in the anion binding energies agree qualitatively with the trends observed experimentally (Table 2) 
Experimental Section General
The synthesis of H 4 L was carried out as described in the literature, 24 while all other chemicals were used as 
Microcalorimetric titrations
Titrations were carried out by the automated sequential addition of the salt solution to a [Zn 2 (L)] solution at 298K. Extensive efforts were made to exclude moisture from the sample as this could decompose the binuclear zinc complex, weaken the receptor-anion interactions, and result in preferential binding of OH − .
Host solutions were prepared under argon atmosphere in glove box at least 16 hours in advance to allow full dissolution, stored under argon and used within 24 hours of opening. The guest samples were also prepared with dry solvents and used within 12 hours. For each anion investigated, at least three concordant titrations were carried out with different host and guest concentrations (typically 1 or 0.5 mM and 10 or 20 mM respectively).
Calculations
Initial structures of the ligand and ligand-anion complexes were built using ArgusLab, 30 based on the crystal structure of the binuclear palladium complex [Pd 2 (L)], and used as starting points for unconstrained geometry optimizations. The absence of imaginary frequencies was used to confirm that each calculated structure was a minimum on the molecular potential energy surface. All calculations were carried out using Gaussian09, and Wadt, 34 which comprises an effective core potential (ECP) plus double zeta basis for heavy atoms, with the all-electron valence double zeta basis set developed by Dunning (D95V) for lighter atoms. 35 This basis set was chosen primarily due to the size of the complexes under study and the need to balance accuracy with computational cost, and, secondly, to satisfy the requirement for a balanced basis set spanning the atomic range from hydrogen to iodine. Comparative calculations using Pople's 36 6-31g(d.p) basis set (which includes polarisation functions on all atoms) for the chloride, hydroxide and bromide complexes (it is not available for iodine) were undertaken to investigate the effect of basis set size on the calculated binding energies, which were observed to differ by at most 2 kcalmol -1 (Table 2) . Thus, the less computationally demanding LANL2DZ basis set was favoured. Both B3LYP/LANL2DZ and B3LYP/6-31g(d,p) have been shown to predict calculated structures good agreement with those determined experimentally for large organometallic compounds. 37 However, the improper inclusion of dispersion interactions within B3LYP is of concern in the study of non-covalently bound complexes, such as those in this work. As a comparison the M05-2X functional of Zhao and Truhlar, 38 which has been shown to recover significantly more mid-range correlation than B3LYP, 39 at a similar computational cost was also tested, again, in combination with the LANL2DZ basis set.
Bulk solvent interactions were modelled via the self-consistent reaction field (SCRF) using the polarisable continuum model (PCM), 40 employing the default parameters for THF within Gaussian 09.
Ligand-anion binding energies were calculated using: 
